The role that cell-mediated immune responses play during cutaneous carcinogenesis has received little attention. In this study, we evaluated the contribution of CD4 + and CD8 
Introduction
Murine models of polycyclic aromatic hydrocarbon (PAH) skin carcinogenesis have been used extensively to investigate the mechanisms by which chemicals cause cancer (1, 2) . As a consequence of these studies, it is now known that epidermal keratinocytes undergo an orderly sequence of molecular and biochemical alterations that eventuate in invasive squamous cell carcinomas. During the initiation stage, specific mutations in the H-ras oncogene occur when carcinogenic PAHs, such as 7,12-dimethylbenz(a)anthracene (DMBA), benzo(a)pyrene [B(a)P], or 3-methylcholanthrene, are applied to the skin (3) (4) (5) (6) . With repeated exposure to such tumor-promoting agents as 12-O-tetradecanoylphorbol-13-acetate (TPA), croton oil, or benzoyl peroxide during the promotion stage, epigenetic changes in these mutant cells result in the appearance of premalignant papillomas (7) . Continued exposure to tumor promoters results in further genetic alterations that facilitate the progression of some of the premalignant papillomas into fully invasive squamous cell carcinomas.
PAH-induced skin tumors vary in their immunogenicity depending on the specific PAH that is initially applied to the skin. T lymphocytes identify antigenic moieties on the surface of these cells that cause the regression of existing tumors and their metastases (8) . This has lead to efforts to bolster the immune response to a variety of solid tumors as a form of immunotherapy (8, 9) .
There is now growing evidence that, in addition to its effect on tumors that already exist, T cells have an influence on earlier stages in the carcinogenesis pathway. For example, in FVB mice, gy T cells inhibit the development of epithelial malignancies (10, 11) . When subjected to a DMBA initiation/TPA promotion protocol, tumors are more likely to arise in mice that lack gy T cells, whereas tumor incidence is reduced in mice that lack ah T cells (11) . In other studies, it has been shown that infiltrating CD4 + T cells are present in both premalignant and malignant lesions in a transgenic model of multistage squamous carcinogenesis induced by human papillomavirus (HPV) oncogenes (12) . HPV16 mice deficient in CD4 + T cells were found to have delayed neoplastic progression and a lower incidence of tumors than their wild-type (WT) counterparts.
We have previously shown that topical application of a variety of different mutagenic and carcinogenic PAHs to C3H/HeN mice results in the development of an allergic contact hypersensitivity response mediated by CD8 + T cells (13, 14) . The development of that response is controlled by genes at the MHC class I and Ah receptor loci (15) . Moreover, allergic contact hypersensitivity was associated with inhibition of tumor development, giving rise to the hypothesis that induction of the T cell-mediated immune response to DMBA protects an individual from the carcinogenic effects of that agent.
The purpose of this study was to define the contribution of CD4 + and CD8 + T cells to tumor development in mice subjected to a twostage DMBA initiation/TPA promotion skin tumorigenesis protocol. We observed that skin carcinogenesis was retarded in mice deficient in CD4 + T cells compared with WT mice, whereas significantly greater numbers of tumors occurred in mice deficient in CD8 + T cells. These results indicate that, in addition to their effect on fully developed tumors, T cells participate during tumor development as well. CD4 + T cells promote tumor development, whereas CD8 + T cells have the opposite effect.
Materials and Methods
Animals and reagents. C3H/HeN mice were purchased from Charles River Laboratories. Female mice 6 to 8 wk of age were used in the experiments. CD4 knockout (CD4 À/À ) and CD8 knockout (CD8 À/À ) mice on a C57BL/6 background were purchased from The Jackson Laboratory and were backcrossed onto a C3H/HeN background. The CD4 deletion was backcrossed for 12 generations via traditional methods. These mice had >99% C3H/HeN background genes. The CD8 deletion was placed on the C3H/HeN background via rapid backcross methodology (16, 17) . Briefly, mice at each backcross generation were genotyped with two sets of polymorphic microsatellite repeat markers (Research Genetics), making it possible to select progeny which retained the desired C3H genome and had lost a larger portion of the undesired C57BL/6 DNA. By selective breeding of these mice, it was possible to eliminate the majority of the C57BL/6 genome and replace it with C3H DNA after four generations of backcrossing; subsequently, the mice were backcrossed by traditional methods. The mice that were used for the experiments had >99% C3H/HeN background genes. All animal procedures were performed according to NIH guidelines under protocols approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. DMBA, TPA, and acetone were purchased from Sigma Chemical Co.
Assessment of contact hypersensitivity responses. The induction and elicitation of contact hypersensitivity responses in mice were carried out as described previously (14) . Briefly, mice were sensitized with 100 AL DMBA (0.1% w/v in acetone). The sensitized mice were challenged 5 d later by application of 20 AL DMBA (0.1% w/v in acetone) to the ear. The contact hypersensitivity response was assessed by measuring ears before elicitation and daily for 5 d after elicitation with a dial thickness gauge micrometer (Mitutoya). The maximum increment in ear thickness compared with the baseline preelicitation level was used to quantify the magnitude of the response. Naive mice, which were not sensitized but were ear challenged, served as negative controls.
Purification of T-cell subpopulations. In vitro purification of DMBA primed CD4 + or CD8 + T cells after contact sensitization and tumorigenesis experiments was conducted using MACS system according to the manufacturer's instruction (Miltenyi Biotech, Inc.). The efficiency of depletion and purity of T-cell subpopulations were determined by flow cytometric analysis using specific antibodies to target cells. The efficiency of purification was 98%.
Skin tumorigenesis. A two-stage skin carcinogenesis protocol was used to study the effect of CD4 + and CD8 + T cells, in which DMBA was the initiating agent and TPA was the promoting agent, using methods that have been described previously (18) . Briefly, the dorsal skin of mice (10 mice per panel) was painted with 100 AL of DMBA (0.1% w/v in acetone). Beginning 1 wk later, TPA (40 nmol in acetone) was applied biweekly to the site that had been treated previously with DMBA. Mice were evaluated biweekly for tumors. Only tumors that had attained a size of z1 mm and were present for z2 wk were counted.
Measurement of cytokine production by T cells. Spleens were harvested from tumor-bearing C3H/HeN mice, and T-cell subpopulations were purified with magnetic beads using MACS system according to the manufacturers' instruction (Miltenyi Biotech, Inc.). The cells (2 Â 10 5 in 200 AL) were cultured in anti-CD3 antibody-coated 96-well plates. The plates were incubated with anti-CD3 antibody (25 Ag/mL; 30 AL/well) at 37jC for 90 min and then washed with PBS before adding the cell suspensions. Supernatants were harvested 48 h later for quantification of cytokines by ELISA kits from Invitrogen using standard protocols.
TPA-induced ear swelling. Baseline mouse ear thickness measurements were made with an engineer's micrometer. To study the effect of CD4 + and CD8 + T cells on the ear swelling response to TPA, the ears of CD4
, and WT mice were painted with TPA (40 nmol in acetone). The ear thickness was measured at 24-h intervals until the ear swelling receded. The increment in ear thickness compared with baseline levels was used to quantify the inflammatory response caused by TPA. There were five mice in each panel tested.
In vitro stimulation of T cells by bone marrow-derived dendritic cells and measurement of cytokine production. Mice were sensitized with 100 AL DMBA (0.1% w/v in acetone). The sensitized mice were sacrificed after 5 d, and T-cell subpopulations were purified from draining lymph nodes with magnetic beads using MACS system according to the manufacturer's instruction (Miltenyi Biotech, Inc.). Bone marrow-derived dendritic cells (BMDC) were prepared and used for in vitro stimulation of primed T cells as described (19, 20) . Purified naive and DMBA-primed CD4 + and CD8 + T cells (2 Â 10 6 /mL), which were prepared as described above, were stimulated with DMBA-labeled BMDC (2 Â 10 5 /mL). To determine the specificity of the T-cell response, BMDCs were treated with DMBA or B(a)P and stimulated in vitro with DMBA primed T cells. Cytokine concentrations in culture supernatants were measured 48 h later by cytokine-specific ELISA.
Statistical analysis. The differences between experimental groups for contact hypersensitivity and cytokine ELISAs were analyzed using the Student's t test. The Fisher exact test was used for analysis of the tumors per mouse and the percentage of mice with tumors. In all cases, a P value of <0.05 was considered significant.
Results

Differential role of CD4
+ and CD8 + T cells in the contact hypersensitivity response to DMBA. In previous studies, we had shown that topical application of DMBA results in the development of hapten-specific contact hypersensitivity (13, 14) . Initial experiments were performed to determine the role of CD4 + and CD8 + T cells in this response. Panels of CD4 knockout (CD4 À/À ) and CD8 knockout (CD8 À/À ) mice and their WT counterparts were contact-sensitized with DMBA and ear challenged 5 days after that. CD8 knockout mice showed total inhibition of contact hypersensitivity compared with untreated controls (Fig. 1 ), confirming our previous results (13 Cytokine production by T cells in response to DMBA. Effector T-cells for dintrofluorobenzene contact hypersensitivity secrete the cytokines IFN-g and interleukin 17 (IL-17), and regulatory T cells that inhibit the response produce IL-4 and IL-10 (19, 21). The types of cytokines produced by DMBA-responsive T cells were next examined. DMBA was applied to the skin, and 5 days later, the draining lymph nodes were removed. Purified CD4 + and CD8 + T-cell suspensions were prepared and restimulated in vitro for 48 hours with DMBA-treated BMDCs. The supernatants were then removed and examined by ELISA for production of IFN-g, IL-4, IL-10, and IL-17 (Fig. 2 ). There was a significant increase in IL-4, IL-10, and IL-17 (P < 0.05) concentrations in supernatants of CD4 + T cells from DMBA-sensitized mice compared with those from naive mice, but there was not a statistically significant increase in IFN-g production. In contrast, there was a much more modest increase in IL-4, IL-10, and IL-17 concentrations and a much greater increase in IFN-g from DMBA-sensitized mice compared with naive CD8 + T cells. These results indicated that hapten primed CD4 + T cells produced significant levels of IL-4, IL-10, and IL-17 (P < 0.05) and CD8 + T cells produced significant levels (P < 0.05) of IFN-g (Fig. 2) . To determine whether these cytokine-producing T cells from hapten-sensitized mice were specific for DMBA, we (Fig. 3) .
TPA ear swelling response. TPA produces a brisk inflammatory response when applied to the skin, which is non-antigen specific in nature. We wished to examine the contribution of CD4 + and CD8 + T cells to the TPA response (Fig. 4) . Panels of CD4 À/À and CD8
À/À mice and their WT counterparts were treated with 40 nmol of TPA on their ear, and the increase in ear swelling was measured until it returned to baseline levels. There was no significant difference in the ear swelling response after TPA treatment in any of the groups, indicating that neither CD4 + nor CD8 + T cells are major participants in the inflammatory response to TPA.
DMBA-induced skin tumorigenesis. were present in only 20% of the CD4 À/À mice. These differences were highly significant (P < 0.001).
The number of tumors per mouse was also significantly greater (P < 0.001) in CD8 À/À mice compared with WT mice; CD4 À/À mice developed significantly fewer tumors than their WT counterparts (Fig. 5B) . Similar results were obtained when the data were evaluated as the cumulative number of tumors per group (data not shown). It is important to note, however, that the tumor latency was the same (f4 weeks) in all three groups. Whereas the tumors in the CD8 À/À and WT group persisted and grew progressively, the tumors in CD4 À/À regressed, and after 11 weeks, only 10% of the CD4 À/À mice had tumors (Fig. 5A ). These differences were also highly significant (P < 0.001). We thus conclude that CD4 À/À mice are resistant to DMBA skin tumorigenesis and CD8 À/À mice are more susceptible to it. Tumors were resected, stained, and evaluated histologically. All the tumors were squamous cell carcinomas and papillomas; there were no fibrosarcomas. No significant differences in the proportions of papillomas and carcinomas were observed. Hence, absence in T-cell populations did not induce a shift in the tumor type.
Characterization of T-cell subpopulations during chemical carcinogenesis. To further characterize T-cell subsets that produce IL-4, IL-10, IFN-g, and IL-17 during chemical carcinogenesis, T cells were restimulated with anti-CD3 antibody in vitro and cytokine profiles of CD4+ and CD8+ T cells were analyzed by ELISA as described earlier. The results showed that CD4+ T cells from tumor-bearing mice produced IL-4, IL-10, and IL-17 and CD8+ T cells produced IFN-g (Fig. 6) . , and WT C3H/HeN mice. The mice were subjected to the DMBA initiation/TPA promotion cutaneous carcinogenesis protocol described in Materials and Methods. A, the percentage of mice with tumors was plotted as a function of the number of weeks of the test. There was a significantly higher percentage of CD8 À/À mice with tumors compared with WT mice (**, P < 0.001) and a significantly lower percentage of CD4 À/À mice with tumors than WT mice (**, P < 0.001). B, the number of tumors per mouse was also plotted as a function of the number of weeks on the test. There were significantly more tumors in CD8 À/À mice (**, P < 0.001) than in WT mice. There were significantly less tumors (**, P < 0.001) in CD4 À/À mice compared with WT mice. 
Discussion
PAHs are ubiquitous environmental pollutants that are byproducts of the incomplete combustion of fossil fuels (2) . They are present in cigarette smoke, automobile emissions, and charcoalbroiled food. These agents are mutagens and carcinogens, and those properties have been exploited to study the mechanisms by which chemicals cause cancer. In previous studies, we have shown that carcinogenic PAHs also elicit a T cell-mediated immune response in certain strains of mice (13) (14) (15) . As a consequence, we have developed the hypothesis that the development of such an immune response has a protective effect, retarding the development of skin cancers by these agents. The results presented here support that hypothesis. CD4 knockout mice had an exaggerated contact hypersensitivity response to DMBA compared with WT mice, and those mice developed fewer tumors than WT mice. In contrast, a reduced contact hypersensitivity response was observed in CD8 À/À mice; greater numbers of tumors arose in those mice.
The results indicate that CD8 + T cells prevent and CD4 + T cells augment tumor development.
It has recently been proposed that the relationship between the immune system and developing tumor cells can be divided into three stages, termed elimination, equilibrium and escape (22, 23) . In elimination, innate and adaptive immune responses act to destroy malignant cells. If malignant cells persist, then the immune mechanisms can operate for an extended period of time, during which the growth of tumor cells is controlled so that a clinically apparent tumor is not present. When the growth of tumor cells is no longer restrained by the immune system and clinically apparent tumors arise, tumors then enter the escape stage. In the studies described here, the development of CD8 + T-cell response could be eliminating mutant cells so they cannot advance into clinically apparent tumors. Alternatively, the presence of an immune response induced by the chemical carcinogen could shift the balance of the T cell-mediated immune response to one in which an equilibrium between the immune system and mutant cells exists, such that the mutant cells are present but the overall tumor number is held in check by antitumor immune mechanisms.
The capacity of CD4 + T cells to augment the development of tumors is not without precedent. Daniel et al. have used a transgenic model of viral skin carcinogenesis, in which the viral oncogene HPV16 is targeted to the epidermis (12) . They have shown that CD4 + T cells are present in the infiltrate of developing skin cancers that promote tumorigenesis through the production of the enzyme matrix metalloproteinase-9 (MMP-9). In other studies, they have observed that MMP-9 stimulates proliferation of the mutant keratinocytes and promotes their invasion into connective tissue. An unexpected finding was that the CD4 + T cells in their system were directed at Staphylococcal antigens on bacteria present within the emergent tumor, rather than on antigens expressed by the tumor itself. Thus, in their system, the CD4 + T cells were acting during the promotion stage of carcinogenesis and stimulated tumor development through bystander interactions with the tumor. The role of CD4 + T cells during the initiation stage could not be addressed in the system used by Daniel et al., because in their transgenic animal model, mutant cells were already present at the time of birth.
Girardi et al. have also examined the contribution of T cells during skin tumor development in FVB mice using the same DMBA initiation/TPA promotion protocol that we used in our study (10, 11) . They discovered that T cells that express the gy T-cell receptor have a suppressive effect on tumor development and that ah T-cells augment the induction of tumors. The CD4 + and CD8 + T-cell subpopulations were not examined individually in those studies. Moreover, FVB mice do not develop a contact hypersensitivity response when DMBA is applied to their skin. 3 Taken Figure 6 . together, the results of these two studies, as well as ours, highlight the complex interactions that occur between T lymphocytes and malignant cells during tumor development. Some of these are favorable to the host, whereas others are clearly disadvantageous. It is also likely that different T-cell subpopulations have different effects at different stages of tumor development.
The T-cell cytokine profile in DMBA contact hypersensitivity is similar to that of other contact sensitizers (19, 21) . In dintrofluorobenzene, oxazolone, and FITC contact hypersensitivity, CD4 + T cells produce IL-4 but do not produce IFN-g and CD8 + T cells produce IFN-g but do not produce IL-4. With respect to DMBA, we found that at least two populations of DMBA specific T cells were generated. One of these, the CD4 + T cell, inhibited the DMBA contact hypersensitivity response, had a Th2 cytokine profile, and accelerated the development of DMBA-induced skin tumors. In contrast, the CD8 + T cell that was generated functioned as an effector cell for DMBA contact hypersensitivity, produced Th1 cytokines, and prevented the development of DMBA-induced skin tumors.
Of particular interest with respect to the cytokine profile of the CD4 + T cells was the observation that they produce IL-17. The IL-17 family are inflammatory cytokines that can be produced by both CD4 + and CD8 + T cells (24, 25) . IL-17 producing T cells, so-called Th IL-17 cells, have been implicated in the pathogenesis of a variety of autoimmune and allergic diseases (20, (23) (24) (25) (26) (27) (28) (29) . The effects of IL-17 in cancer have been conflicting. IL-17 has been shown to increase the growth of several different types of tumors (30) (31) (32) (33) (34) . It has been proposed that this is at least in part due to its proangiogenic effects (20, 30, 32) . However, it has also been observed that Th IL-17 may actually have an inhibitory effect on some malignancies (31, 33) . For example, in an in vitro system, IL-17 rendered U-2 OS osteosarcoma cells more vulnerable to natural killer cell lysis (31) . In other studies, it was observed that the growth of IL-17-transfected murine immunogenic tumors was reduced when implanted into immunocompetent mice, but not when injected into athymic nude mice (33) . Most studies examining the relationship between IL-17 and tumors have evaluated its effect on tumor growth. Our studies suggest that IL-17 producing T cells also have an effect on tumor development. Further studies will need to be performed to analyze how Th IL-17 cells influence carcinogen-induced tumor development in this system.
The significance of our observations relates to the immunoprevention of carcinogen-induced tumor development. If it is true that IFN-g-producing T cells are important effector cells for DMBA contact hypersensitivity and those cells are involved in reducing the development of DMBA-induced tumors, then it may be possible to use this information to develop methods that will augment the induction of CD8 + T cells and to diminish the generation of CD4 + T cells that have a permissive role of chemical carcinogenesis. In so doing, it may be possible to devise vaccination procedures that bolster the immune response to DMBA and ultimately to prevent DMBA-induced tumors in susceptible individuals. For example, IL-12 stimulates the production of CD8 + T cells that produce IFN-g. Immunization procedures with noncarcinogenic agents that stimulate an anti-DMBA cell-mediated immunity coupled with cytokines or adjuvants that enhance the generation of subpopulations of CD8 + effector T cells may be an effective immunopreventive strategy.
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